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ABSTRACT
We present the imaging and spectroscopic analysis of the combined Chandra ACIS-
S observations of the Compton-thick Seyfert 2 galaxy NGC 4945. We performed a
spatially-resolved spectroscopy of the circumnuclear environment of the source, pic-
turing the innermost 200 parsecs around the highly absorbed nucleus. The additional
200 ks ACIS-S data with respect to the previous campaign allowed us to map with
even greater detail the central structure of this source and to discover an enhanced
iron emission in the innermost nuclear region, with respect to the associated Compton
reflection continuum. We revealed that the Equivalent Width of the iron Kα line is
spatially variable (ranging from 0.5 to 3 keV), on scales of tens of parsecs, likely due to
the ionization state and orientation effects of the reprocessing material, with respect
to the central X-ray illuminating source. A clump of highly ionized Fe xxv He-α is
also detected, 40 parsecs east to the nucleus. When observations taken years apart are
considered, the central unresolved reflected emission is found to remain constant.
Key words: Galaxies: active - Galaxies: Seyfert - Galaxies: accretion - Individual:
NGC 4945
1 INTRODUCTION
The circumnuclear environment of Active Galactic Nuclei
(AGN) is very complex, with several physical components
(broad emission line clouds, a dusty “torus”, a low den-
sity ionized gas) contributing to the observed observational
properties (e.g. Netzer 2015). Among AGN, Compton-thick
sources, characterized by a column density of gas in ex-
cess of the inverse of the Thomson scattering cross-section
(NH = σ
−1
T
≃ 1.25 × 1024 cm−2) along the line of sight,
are quite common in the local Universe (about 20–30%,
Burlon et al. 2011; Ricci et al. 2015). However, we have lit-
tle or no observational information on their nuclear struc-
ture, due to the thick screen preventing a direct view of the
inner regions on the high-frequency part of the electromag-
netic spectrum, with the possible exception of the hard (>10
keV) X-rays.
On the other hand, the spectra of Compton-thick Seyfert
2 galaxies are dominated by reflection components in the
X-ray band, from both cold and ionized circumnuclear ma-
terial (Matt et al. 2000). The heavy obscuration of the pri-
⋆ E-mail: marinucci@fis.uniroma3.it (AM)
mary radiation from the nucleus, at least up to 10 keV, per-
mits a clear view of these components, which are strongly
diluted in unobscured sources. Indeed, most of our knowl-
edge about the circumnuclear reprocessing matter, at least
as far as their X-ray properties are concerned, is based
on the brightest Compton-thick sources, like NGC 1068
(Kinkhabwala et al. 2002; Matt et al. 2004; Bauer et al.
2015; Marinucci et al. 2016), Circinus (e.g. Matt et al. 1996;
Molendi, Bianchi & Matt 2003; Are´valo et al. 2014) and
Mrk 3 (e.g. Bianchi et al. 2005b; Pounds & Page 2005;
Guainazzi et al. 2012, 2016).
NGC 4945 is one of the nearest AGN (D ∼3.7 Mpc)
and the brightest Seyfert 2 in the 100 keV sky
(Done, Madejski & Smith 1996), with a highly absorbed
(NH = 3.5 × 10
24 cm−2, Puccetti et al. 2014) and ex-
tremely variable primary continuum (Guainazzi et al.
2000; Madejski et al. 2000; Done et al. 2003). Such a
strong absorption along the line of sight completely blocks
the nuclear emission below 10 keV and allows it to be
observed only at higher energies, though heavily affected
by Compton scattering and photoelectric absorption.
Broadband analyses of its high energy variability (Yaqoob
2012; Puccetti et al. 2014) led to important constraints
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Figure 1. Left panel: Merged ACIS-S image of the central 40×40 arcsec region of NGC 4945, in the 3–6 keV energy band. Central panel:
Merged ACIS-S image of the central 40×40 arcsec region of NGC 4945, in the 6.2–6.5 keV energy band. Right panel: Merged ACIS-S
image of the central 40×40 arcsec region of NGC 4945, in the 6.6–7.0 keV energy band. We adopted a subpixeling factor of eight (the
size of a pixel is therefore 0.062 arcsec) in all the images. Adaptive smoothing is performed with Gaussian kernels from 0.5 to 15 pixels,
30 log steps.
on the geometry of the reflector: the variability above
10 keV, together with a constant reflection suggests that
most of the observed emission is due to the intrinsic
continuum, and not to Compton scattering from other
directions. This suggests that the reflector covers a very
small solid angle < 10◦ as seen from the source (assuming a
toroidal structure). This physical scenario is in agreement
with the very low ratio between the reflected emission
below 10 keV and the intrinsic flux in the same band
as estimated from the emission above 10 keV (<0.1%,
Done et al. 2003). Marinucci et al. (2012) compared the
strong intrinsic variability measured by Swift/BAT to the
constant reflection spectra from XMM-Newton and Suzaku
observations over more than ten years, finding a distance
of the reflecting structure D>35 pc. Chandra is the only
present X-ray instrument able to resolve this angular
dimension and indeed an extended clumpy structure on
projected scales of ∼200×100 pc has been revealed. When
the images of the reflection continuum and the associated
Iron Kα emission line are compared (extracted in the 2–10
keV and 6.2–6.7 keV bands, respectively) it has been shown
that the emitting material is one and the same, extended
well beyond the nuclear region. However, past archival data
(before the additional 2013 observing campaign) do not
allow us to spectrally characterize different extra-nuclear
regions with high detail, due to low signal-to-noise, nor to
investigate possible ionization structures of the Fe emitting
material.
We hereby analyse and discuss recent Chandra ACIS-S
observations of NGC 4945 which, combined with archival
data, lead to the detection of spatially resolved neutral
and ionized Fe emitting material, on scales of hundreds
of parsecs. The paper is structured as follows: in Sect. 2
we discuss the combined Chandra observations and data
reduction, in Sect. 3 we present the imaging and spectral
analyses, respectively. We discuss and summarize the
physical implications of our results in Sect. 4 and 5. At the
distance of the source 1 arcsec=18 pc.
Obs. ID Date Exp. Time (ks) HETG
864 2000-01-27 49.7 ✗
4899 2004-05-28 78.6 X
4900 2004-05-29 95.8 X
14985 2013-04-20 68.7 ✗
14984 2013-04-25 130.5 ✗
Table 1. Observation log for the Chandra ACIS-S observations
of NGC 4945.
2 OBSERVATIONS AND DATA REDUCTION
NGC 4945 (z=0.001878, Tully et al. 2009) has been inten-
sively observed by Chandra with the Advanced CCD Imag-
ing Spectrometer (ACIS: Garmire et al. 2003) in the last few
years. We report the five observations of interest in Table 1.
We excluded ObsIds. 13791 and 14412 on purpose, since
our target is strongly off-axis (∼ 4.28 arcmin) and there-
fore the PSF is heavily degraded. Data were reduced with
the Chandra Interactive Analysis of Observations (CIAO:
Fruscione et al. 2006) 4.8 and the Chandra Calibration Data
Base (CALDB) 4.7.2 database, adopting standard proce-
dures. We generated event files for the five observations sep-
arately with the CIAO tool chandra repro and merged
them into a single image using the tool merge all. After
cleaning for background flaring we got a total exposure of
420 ks. The imaging analysis was performed applying the
Subpixel Event Repositioning and adaptive smoothing pro-
cedures widely discussed in the literature (Tsunemi et al.
2001; Li et al. 2004; Wang et al. 2011; Maksym et al. 2016,
and references therein).
Spectra from the nucleus of the source were extracted from
the central circular region, adopting a 1 arcsec radius, in all
the five observations. We used a 5 arcsec radius circle for
background extraction located in a source free region, in the
southwest direction from the nucleus, well away from the dif-
fuse emission. Spectra were binned in order to over-sample
the instrumental resolution by a factor of 3 and to have no
less than 25 counts in each background-subtracted spectral
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Left panel: Radial profiles of the source and ACIS-S Point Spread Function in the total 3-10 keV energy band (lines and
continuum). Central panel: Radial profiles of the source and ACIS-S Point Spread Function in 6.2-6.5 keV energy band.Right panel:
Radial profiles of the source and ACIS-S Point Spread Function in 6.6-7.0 keV energy band. We chose 1 native pixel radius, concentric
annuli for the source and PSF surface brightness, and a 25 pixel radius annulus for the background one. The PSF radial profile was
normalized to the one of the source. Surface brightness of the background was inferred using a source free region, in the southwest
direction from the nucleus, distant from the diffuse emission.
Obs. ID 3–10 keV Counts
Extraction region
1 2 3 4 Nucleus
864


359
14984 361 303 460 148 1029
14985 588
4899 }
116 138 163 46
370
4900 424
Table 2. Number of 3–10 keV counts from different extraction
regions are reported. We refer to Fig. 3 (top-right and bottom-left
panels) for the exact spatial locations.
channel. This allows the applicability of the χ2 statistics.
Spectra from regions 1, 2 and 3 were extracted from 1 arcsec
circular regions while we used a 2 arcsec radius for region
4, from the five different observations ( Fig. 3, more details
on the extraction regions are given in Section 3). We then
co-added spectra extracted from ObsIds. 864, 14984, 14985,
and spectra from ObsIds. 4899 and 4900, to maximize the
S/N ratio. Due to the presence of the HETG in ObsIds. 4899
and 4900, the effective collecting area is reduced by ∼ 40%
at 6 keV with respect to ObsIds. 864, 14984, 14985. Due to
the low count rates we binned the spectra using 10 counts
per channel and used the Cash statistics (C-stat: Cash 1976)
in our fitting procedure. Total count rates are summarized
in Table 2.
Pileup is constrained to be lower than 1% (following the
procedure described in Davis 2001). We adopt the cosmo-
logical parameters H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.73 and
Ωm = 0.27, i.e. the default ones in xspec 12.9.0 (Arnaud
1996). Errors correspond to the 90% confidence level for one
interesting parameter (∆χ2 = 2.7), if not stated otherwise.
3 DATA ANALYSIS
3.1 Imaging
Throughout this paper, we focus our analysis to the en-
ergy band above 3 keV, to eliminate any contribution
from the diffuse, soft emitting gas, firstly reported in
Schurch, Roberts & Warwick (2002). We show, in Fig. 1,
the 40 arcsec × 40 arcsec central region. The 420 ks long
merged event file was filtered in energy between 3-6 keV
(left panel), 6.2-6.5 keV (middle panel) and 6.6-7.0 keV
(right panel). The first band was chosen to image the cir-
cumnuclear material responsible for the Compton reflection
continuum excluding any lines contribution while the other
two bands were chosen to map the neutral Fe emission and
the ionized (mainly Fe xxv He-α and Fe xxvi Ly-α) iron
lines, respectively. We then simulated, using the X-ray trac-
ing code marx (Davis et al. 2012), the ACIS-S PSF contri-
bution. The peak of the PSF emission is normalized to the
peak of the source radial profiles. We show, in Fig. 2, the
radial profiles in three energy bands: the source emission
is extended and well above the PSF contribution. Indeed,
emission from Fe xxv He-α and Fe xxvi Ly-α lines is also
extended and shows a particularly bright clump ∼ 2 arcsec
far to the right of the nucleus (see Fig. 1, right panel).
Fig. 1 also clearly shows that iron Kα, iron xxv He-α and
iron xxvi Ly-α emitting materials are not exactly distributed
on the same spatial scale. We therefore extracted iso-counts
contours from the 6.2–6.5 keV and 6.6–7.0 keV images and
over-imposed them on the 3–6 keV image (Fig. 3, top-left
panel: green and red solid lines, respectively). While the
peak of the two emission lines is confined towards the nu-
cleus, a bright ionized iron clump emerges at 2.2 arcsec from
the nuclear peaks, corresponding to a distance d=40 parsecs
at the redshift of NGC 4945. Some further considerations
can be drawn if we divide the 6.2–6.5 keV image by the 3–6
keV one. This gives us indications about the strength of the
iron Kα emission line with respect to the associated reflec-
tion continuum (a proxy for the EW) which is seen to be
enhanced in the nucleus and in a southern clump (Fig. 3,
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Figure 3. Top-left panel: Solid green and red lines indicate iso-counts contours from the 6.2–6.5 keV and 6.6–7.0 keV images, respectively.
Top-right panel: Ratio between the 6.6–7.0 keV and 6.2–6.5 keV images, with over-imposed circular extraction regions: 1 arcsec radii
have been adopted for all regions with the exception of region 4. Bottom-left panel: Ratio between the iron Kα and continuum only
images, with contours extracted from the 6.2–6.5 keV image. The peak of the ratio well resembles the structure of the iron Kα emitting
material. Extraction regions are shown as dashed circles. Bottom-right panel: Ratio between the ionized iron and continuum only images,
with contours extracted from the 6.6–7.0 keV image. We adopted a subpixeling factor of a half (the size of a pixel is therefore 0.247
arcsec) and a Gaussian smoothing with a 3 pixels kernel in all the images.
bottom-left panel). On the other hand, when we consider
the ratio between the 6.6–7.0 keV and 6.2–6.5 keV images
the bright ionized iron clump is clearly visible 2.2 arcsec far
from the nucleus (Fig. 3, top-right panel). Also the ratio
between the 6.6–7.0 keV and the 3–6 keV image shows an
extended material coincident with the ionized Fe contours
(Fig. 3, bottom-right panel). We chose five different extrac-
tion regions, which are shown in Fig. 3. The nuclear one is
centered on the nucleus of the source, region 1 is centered on
the ionized iron clump, region 2 on a region which is sym-
metric to the clump with respect to the nucleus and region
3 on a generic region close to the nucleus but on a different
line direction with respect to the former regions, far from the
core of the diffuse soft emission. Region 4 is chosen to match
the southern clump which is visible in the ratio between the
neutral Fe and the continuum.
c© 0000 RAS, MNRAS 000, 000–000
Spatially resolved Fe K spectroscopy of NGC 4945 5
Parameter All-tied Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5
Npexrav 1.55 ± 0.10 1.80± 0.20 1.90± 0.30 1.60± 0.20 1.40± 0.10 1.55± 0.15
Fe Kα
Energy 6.414 ± 0.007 - - - - -
Flux 1.25 ± 0.10 1.00+0.15
−0.25 1.20± 0.30 1.40± 0.30 1.35
+0.20
−0.15 1.40± 0.20
EW 2.7± 0.5 1.9+0.5
−0.7 2.0± 0.6 3.0± 0.8 3.2
+0.6
−0.5 3.1± 0.7
Fe Kβ
Energy 7.09+0.03
−0.04 - - - - -
Flux 0.43 ± 0.07 0.20± 0.15 0.50± 0.20 0.40± 0.15 0.45± 0.10 0.50± 0.15
EW 1.1± 0.4 0.4± 0.3 1.1± 0.5 1.1± 0.5 1.3± 0.4 1.3± 0.5
Fe xxv He-α
Energy 6.68+0.01
−0.03 - - - -
Flux 0.32 ± 0.05 0.20± 0.15 0.30± 0.20 < 0.40 0.30± 0.10 0.50± 0.15
EW 0.6± 0.3 0.4± 0.3 0.5± 0.3 < 0.8 0.6± 0.3 1.1± 0.3
Fe xxvi Ly-α
Energy 6.966 - - - - -
Flux 0.12 ± 0.07 < 0.15 0.25± 0.15 < 0.30 0.20± 0.10 < 0.30
EW 0.3± 0.2 < 0.2 0.3± 0.2 < 0.7 0.4± 0.2 < 0.7
Compton Shoulder 20± 10% 35+35
−20% 40
+30
−20% 25± 15% 20 ± 15% 15
+15
−10%
F3−10 keV - 4.7± 0.5 5.6± 0.6 5.0± 0.5 4.8± 0.5 5.1± 0.5
Table 3. Best fit parameters. A model composed of pure reflection and five emission lines is applied to the spectra extracted from the
central regions, dashes indicate fixed parameters. The pexrav normalization is in 10−3 photons/keV/cm2/s at 1 keV, fluxes are in 10−5
photons/cm2/s, equivalent widhts in keV and the Compton shoulder is calculated with respect to the narrow iron Kα core flux. Fluxes
in the 3–10 keV band are in 10−13 erg/cm2/s.
3.2 Spectroscopy
3.2.1 The central reprocessed emission
We start our 3–10 keV spectral analysis by searching for
any variability of the central reflected emission throughout
the 13 years of monitoring, by extracting spectra from the
central circular region, adopting a 1 arcsec radius, in all
the five observations (“Nucleus” region in Fig. 3, top-right
panel). The primary emission is reprocessed by neutral
material, with a resulting Compton reflection continuum
and an associated iron Kα line (George & Fabian 1991;
Matt, Perola & Piro 1991). Indeed, the five spectra were
fitted with a model consisting of a reflection continuum
(model PEXRAV, Magdziarz & Zdziarski 1995) and five
emission lines for neutral Fe Kα at 6.4 keV, Fe xxv He-α
(actually a triplet, with the two most intense lines, the
forbidden and the resonant, at 6.637 keV and 6.700 keV),
Fe xxvi Ly-α at 6.966 keV, Fe Kβ at 7.058 keV and for
the Compton Shoulder (CS) redwards of the line core
(with energy fixed at 6.3 keV and σ = 40 eV, Matt
2002). A value of Γ = 1.9 was used for the illuminating
continuum, as measured from the NuSTAR high energy
spectra (Puccetti et al. 2014), and the cosine of the incli-
nation angle of the reflector is fixed to 0.45. A Galactic
absorption of 1.38 × 1021cm−2 has been taken into account
(Kalberla et al. 2005). We get a χ2/dof=113/125=0.9 and
no strong residuals throughout the considered energy band
( Fig. 4, top panel). The neutral iron Kα emission line is
unresolved and only an upper limit σ < 50 eV is retrieved
(FWHM<5500 km s−1), which is in agreement with past
Chandra HEG measurements (FWHM=2780+1110
−740 km s
−1:
Shu, Yaqoob & Wang 2011).
Best fit parameters are shown in Table 3: no variations
among the best fit values is found, confirming the results
already discussed in Marinucci et al. (2012). The central
1 arcsec reprocessed emission in NGC 4945 has remained
constant, within a few per cent, between 2000 and 2013
(Fig. 4, bottom panel).
The flux of the Compton Shoulder is 20 ± 10% of the
flux of the narrow core, consistent with expectations from
Compton-thick material (Matt 2002). The ratio between
the Fe Kβ and the Fe Kα is higher than the expected value
(0.155–0.16: Molendi, Bianchi & Matt 2003), indicating
either a contribution from the Fe xxvi Ly-α emission line
to the total flux of the Fe Kβ, or that this is moderately
ionized (as suggested from its best fit energy centroid in
Table 3).
3.2.2 Spatially resolved spectroscopy
We apply to the three pairs of spectra (coadded from
observations with and without gratings, respectively),
extracted from regions 1, 2 and 3, a model composed of a
reflection continuum with the same parameters listed above
and two narrow Gaussians (the width of the lines is fixed
to zero), to reproduce the Fe Kα and Fe xxv He-α at 6.4
keV and 6.67 keV. We fitted them separately and best fit
results of the 3–10 keV spectra can be found in Table 4.
If any parameter is left free to vary between the two sets
of spectra no significant differences with respect to best fit
values are found.
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Figure 4. Top panel: Best fit model applied to the five spectra ex-
tracted from the nucleus and corresponding residuals are shown.
Data are divided by the effective area of the instrument. Bottom
panel: the Iron line complex in the five different observations is
shown, in the 5.5-7.5 keV energy band.
The Compton reflection continuum and the associated neu-
tral Fe Kα emission line are constant along three selected
regions (regions 1, 2 and 3), indicating an emitting material
which spatially extends on scales of about 200 parsecs. The
Equivalent Width of the Fe Kα line differs from the one
inferred in the central region by a factor ∼ 2, suggesting
a different geometry of the circumnuclear matter in the
innermost 20 parsecs. Indeed, we measured a constant Fe
Kα EW=2.7 ± 0.5 keV in the spectra extracted from the
central 1 arcsec circular region. When, on the other hand,
spectra extracted from regions 1, 2 and 3 are considered,
the EW is significantly lower (EW=0.45–0.75 keV). When
spectra from region 4 are considered (the southern clump of
intense neutral iron emission in Fig. 3, bottom-left panel)
we retrieve an Fe Kα EW=2.2+1.3
−0.9 keV, consistent with the
nuclear one.
The Fe xxv He-α flux is significantly higher in region 1
(3.2σ and 3.5σ than region 2 and 3, respectively). Spectra
and best fit models are shown in Fig. 5 (top panels) while,
on the bottom panel, we show the contour plots between
the normalization and energy centroids in the best fit of the
spectra extracted from Region 1.
Some additional soft emission component is required to
model the spectra from Region 3. This can be ascribed to
superwind-starburst-driven, metal-enriched galactic-scale
outflows (Veilleux, Cecil & Bland-Hawthorn 2005) that
are dominated by emission from hot plasma, as shown by
Schurch, Roberts & Warwick (2002). A detailed investiga-
tion is beyond the scope of this work but the inclusion of a
simple thermal component (mekal model in Xspec) gives
a gas temperature kT=2.0+1.5
−1.0 keV with a contribution
of ∼ 15% to the total 3–10 kV flux, in agreement with
Schurch, Roberts & Warwick (2002) and Puccetti et al.
(2014).
4 DISCUSSION
4.1 Equivalent width of the Iron Kα line
In our previous paper (Marinucci et al. 2012), we inferred a
distance of the reflecting structure D>35 pc, by comparing
the very variable high energy Swift-BAT light curve and
the 4% constancy of the reflected emission below 10 keV,
on a time scale of ten years. The additional 200 ks ACIS-S
data allowed us to picture with even more detail the central
structure of this source and to discover an enhanced iron
emission in the innermost nuclear region, with respect to
the associated Compton reflection continuum.
Strongly absorbed Seyfert galaxies are the perfect tar-
gets for studying the properties of the cold reprocessor,
because the Compton reflection features are not diluted
by the presence of a strong primary continuum. Indeed,
Young, Wilson & Shopbell (2001) firstly showed that the
neutral iron Kα emitter is extended in NGC 1068. Such
a material is well imaged by the ACIS-S and extends up
to ∼20 arcsec to the northeast and southwest which, at
the redshift of the source, corresponding to about 2.2
kpc. Bauer et al. (2015) recently confirmed this result,
using NuSTAR, by spectrally discriminating three neu-
tral reflectors, which differently contribute to the iron
Kα and Compton hump emission. Other Compton-thick
sources have been used to map the extended iron Kα
emission line: Mrk 3 (Guainazzi et al. 2012, 2016), Circinus
(Marinucci et al. 2013) and they all indicate that reflecting
material may extend on scales ranging from tens to thou-
sands of parsecs. In particular, the last source showed a
spatially variable Equivalent Width of the iron Kα which
strongly resembles the one that we have presented for NGC
4945. However, while the ratio between the line and the
associated reflection continuum is axisymmetric around the
nucleus in Circinus, we show (Fig. 3, bottom-left panel) that
this is not the case for NGC 4945. The iron Kα emission
is enhanced towards the nucleus (EW=2.7 ± 0.5 keV) and
in a southern clump (EWreg4=2.2
+1.3
−0.9 keV) with respect to
the other circumnuclear regions (EWreg1=0.45
+0.30
−0.20 keV,
EWreg2=0.65
+0.30
−0.25 keV and EWreg3=0.75
+0.40
−0.25 keV), with
no statistically significant differences between the last three
regions.
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Parameter Reg. 1 Reg. 2 Reg. 3 Reg. 4
Npexrav 0.40± 0.03 0.39± 0.03 0.37± 0.08 0.12 ± 0.02
Fe Kα
Energy 6.44± 0.05 6.43± 0.03 6.40± 0.03 6.40+0.02
−0.03
Flux 0.05± 0.02 0.08± 0.02 0.09± 0.03 0.07 ± 0.02
EW 0.45+0.30
−0.20 0.65
+0.30
−0.25 0.75
+0.40
−0.25 2.15
+1.30
−0.85
Fe xxv He-α
Energy 6.65+0.03
−0.04 6.66± 0.07 6.65± 0.06 6.60 ± 0.10
Flux 0.11± 0.03 0.04± 0.02 0.03± 0.02 0.02 ± 0.01
EW 0.90± 0.30 0.30± 0.25 0.35± 0.30 0.60+0.70
−0.45
F3−10 keV 0.80± 0.07 0.75± 0.08 0.85± 0.08 0.28 ± 0.05
C/d.o.f. 37/51 65/40 28/38 26/31
Table 4. Best fit parameters to the spectra extracted from the circumnuclear regions. Same units as Table 3.
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Figure 5. Top panels: Coadded spectra from ObsIDs 864, 14984 and 14985 obtained from regions 1, 2 3 and 4 and best fit models (see
text for details). Dashed lines indicate neutral Fe Kα and Fe xxv He-α. Data from ObsIDs 4899 and 4900 are not shown for the sake
of visual clarity. Bottom panel: Contour plots between normalization of the two Gaussians and energy centroids in Region 1. Thinner to
thicker solid contours indicate 99%, 90% and 68% confidence levels.
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4.1.1 Geometrical effects
The Fe Kα EW, depends on the iron abundance
(Matt, Fabian & Reynolds 1997), on the angle θi
between the polar direction and the line of sight
(Matt, Perola & Piro 1991; George & Fabian 1991) and on
the column density of the illuminated material, as discussed
in several works using either a toroidal (Yaqoob et al. 2010)
or a slab (Matt 2002) geometry.
We chose the spectrum of one of the three circumnuclear
regions with a low Fe Kα EW (region 2) and compared it
with the highest S/N spectrum from the nucleus. Let us
first assume that the changes in the Fe Kα EW is due to
the iron abundance. Using the model pexmon in xspec,
we inferred iron abundances A(Fe)nucleus = 3.2 ± 0.4 and
A(Fe)reg2 = 0.8 ± 0.5 (with respect to solar values) for the
two regions, with no significant change to other parameters.
As already discussed in Marinucci et al. (2013) for the
Circinus galaxy, these large variations are physically hard
to explain on such small spatial scales (about 40 parsecs).
To test if the changes in EW can be ascribed to different
column densities or inclination angles, we used the my-
torus model to reproduce the 2013 nuclear spectra (the
ones with the highest number of counts) and the ones
from region 2. We linked the normalizations, inclination
angles, photon indices and column densities between the
tables reproducing both the scattered and line components.
In this way, we assume that the material responsible for
the Compton reflection and iron Kα emission line is one
and the same. We find a good fit with best fit parameters
NH = 2.0
+1.0
−0.3 × 10
24 cm−2, θi = 80
+4
−2 deg for the nucleus
and NH > 4 × 10
24 cm−2, θi = 60 ± 12 deg for region 2.
Contour plots between the two parameters can be seen
in Fig. 6. Obviously, the low quality of the spectra and
the lack of a high energy spectral coverage do not allow
us to give strong constraints on the column density and
inclination angle of the toroidal reprocessor. However, we
showed that the observed EWs can be recovered only in
terms of variations of NH and θi of the reflector.
4.1.2 Interplay between different continua
Another possible explanation for the spatially variable Fe
Kα EW is the interplay between the underlying continua,
associated to the neutral and ionized reflecting compo-
nents. Many Seyfert 2 galaxies show intense ionized Fe
emission lines in their spectra (Bianchi et al. 2005a). The
archetypal Compton-thick source NGC 1068, for example,
clearly shows an intense warm reflector in addition to the
cold one (Iwasawa, Fabian & Matt 1997; Matt et al. 2004;
Pounds & Vaughan 2006; Bauer et al. 2015): the EW of the
Fe lines in the 6-7 keV band can be therefore calculated
with respect to the associated continuum. In our analysis,
the EWs are inferred with respect to the same Compton
reflection continuum (modeled with pexrav) and the qual-
ity of the spectra does not allow us to separate the neutral
component from an additional, ionized one. If we assume
that the EW of the neutral Fe Kα is constant within all
the circumnuclear regions (EW= 2.5 keV, with respect to
its Compton reflection continuum), its decrease could be as-
cribed to an increase of the ionized reflection continuum,
associated to the Fe xxv He-α and Fe xxvi Ly-α emission
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Figure 6. Contour plots between the inclination angle and the
column density of the cold reflectors in the nuclear region and
in region 2 (blue and red, respectively). Thinner to thicker solid
contours indicate 99%, 90% and 68% confidence levels.
lines. Within the given uncertainties, this scenario is con-
sistent with our findings. When the EW of the neutral Fe
Kα decreases (∼ 0.5 keV) the Fe xxv He-α emission lines is
always detected (region 2 and 3) and it becomes even dom-
inant in region 1: the warm reflector continuum would then
prevail (∼ 60% of the total flux in the 3–10 keV band) over
the cold, neutral one.
4.2 Diffuse highly-ionized Fe emission
Fe xxv He-α and Fe xxvi Ly-α emission lines can
be produced via recombination and resonant scatter-
ing (Matt, Brandt & Fabian 1996; Bianchi & Matt 2002;
Bianchi et al. 2005a, and references therein). In particular,
the ratio of the He-like Fe triplet lines (forbidden, inter-
combination and resonant) can tell us about the state of
the emitting gas. In a photoionized gas, emission from the
resonant r iron line is weak, while the forbidden f and
the intercombination i lines contribute almost equally to
the total emission, considering a wide range of densities
(Porquet & Dubau 2000; Bautista & Kallman 2000). On the
other hand, in a collisionally ionized gas, the ratio of the
lines points in favor of a dominant resonant line, with re-
spect to the forbidden and intercombination lines, such as
the case of NGC 6240 (Boller et al. 2003; Wang et al. 2014).
In NGC 4945, the Fe xxv He-α complex is dominated by the
forbidden f line (Fig. 5, bottom panel), with only an upper
limit to the resonant r component when the two energy cen-
troids are fixed. This is in favor of a scenario in which the
clump of Fe xxv He-α gas pictured in Fig. 1 and 3 is pho-
toionized by the nuclear continuum. In this photoionization
configuration, the cross-section of the resonant scattering is
much larger than the recombination one and the gas be-
comes rapidly thick to the former process. Even though re-
combination is less dominant than resonant scattering in the
optically thin regime, it has been shown that column den-
sities as small as 5 × 1020 cm−2 can significantly suppress
c© 0000 RAS, MNRAS 000, 000–000
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the EW of emission lines produced by resonant scattering
(Matt, Brandt & Fabian 1996). As a consequence, the reso-
nant r emission line dominates the spectrum up to ≃ 1022
cm−2, then it is reached and overcome by the forbidden f
and intercombination i lines, which become more intense at
higher column densities.
To verify our conclusion and measure the dependence from
the Fe abundance and ionization state, we produced a
grid model for xspec using cloudy 13.03 (last described
by Ferland et al. 1998). It is an extension of the same
model used in Bianchi et al. (2010) and Marinucci et al.
(2011). The main ingredients are: plane parallel geome-
try, with the flux of photons striking the illuminated face
of the cloud given in terms of ionization parameter U
(Osterbrock & Ferland 2006); incident continuum modeled
as in Korista et al. (1997); constant electron density ne =
105 cm−3; elemental abundances as in Table 7.5 of cloudy
documentation1; grid parameters are logU = [1.00 : 4.00],
step 0.25, logNH = [23.0 : 25.0], step 0.1, and AFe = [1.0 :
5.0]. Only the reflected spectrum, arising from the illumi-
nated face of the cloud, has been taken into account in
our model. We also produced tables with different densi-
ties (ne = 10
3
−104 cm−3): all the fits in this paper resulted
insensitive to this parameter, as expected since we are al-
ways treating density regimes where line ratios of He-like
triplets are insensitive to density (Bautista & Kallman 2000;
Porquet & Dubau 2000). When this model is applied to the
spectra extracted from Region 1 we find logU = 2.2+0.3
−0.2,
logNH > 23.5 and AFe > 3 with no significant variations
to the neutral Fe Kα parameters found in Sect. 3.2.2. The
adimensional ionization parameter U is defined as:
U =
∫
∞
νR
Lν
hν
dν
4picr2n
, (1)
where c is the speed of light, r the distance of the gas from
the illuminating source (in our case r ∼ 40 pc), n its den-
sity and νR the frequency corresponding to 1 Rydberg. By
inverting the previous equation and using a 2–10 keV lumi-
nosity LX = 4× 10
42 erg s−1 (Puccetti et al. 2014), we can
derive a density ncl ≃ 10
2 cm−3 for the clump.
4.3 Clumpiness of the reflector
The complex morphology at the center of NGC 4945 sug-
gests, once again, that the circumnuclear environment of
heavily obscured sources is not homogeneous and the ab-
sorbing/reflecting structures are multiple and distributed on
different spatial scales (Bianchi, Maiolino & Risaliti 2012).
Since the seminal works about clumpy tori (Nenkova et al.
2008) there is growing evidence against the monolithic
obscurer envisaged by unified models (Bauer et al. 2015;
Masini et al. 2016; Marinucci et al. 2016) and the presence
of a clump of ionized Fe in NGC 4945 (with a different den-
sity compared to its surroundings) supports this physical
scenario.
Thanks to the imaging analysis presented in Sect. 3.1 we
are able to give rough constraints on the number and size
1 Hazy 1 version 13, p. 65:
http://viewvc.nublado.org/index.cgi/tags/release/c13.05/docs/hazy1_c13.pdf?revision=11558&root=cloudy
of the Compton-thick clouds in the circumnuclear environ-
ment of NGC 4945. Fig. 1 shows that the reflected emis-
sion above 3 keV is homogeneously distributed around the
nucleus, on spatial scales of approximately 250 pc×150 pc
on the equatorial plane. On the other hand, the covering
factor of such a reflecting structure is constrained to be
very small (< 10%: Madejski et al. 2000; Done et al. 2003;
Yaqoob 2012; Puccetti et al. 2014), to allow the variable pri-
mary continuum to pierce through the absorber.
The angular resolution of Chandra is ∼ 0.2 arcsec, while
the pixel size is 0.495 arcsec. We can estimate the number
of clouds that we are not able to resolve within a 5 arcsec
radius circular region centered on the nucleus. We obtain
a circle with a total projected area of 78.5 arcsec2 and we
need at least Ncl > 100 to have a homogeneous, unresolved
structure. Each of these clumps will have a radius r ≃ 9 pc
and if we then assume that each Compton thick cloud has
a covering factor of 5% the area of such inferred clumps, we
obtain an upper limit on the radius of the clouds rcl < 2 pc.
5 CONCLUSIONS
We presented the imaging and spectroscopic analysis of
a combined, 420 ks long, Chandra observation of the
Compton-thick galaxy NGC 4945. The main results of this
paper can be summarized as follows.
(i) The neutral iron Kα emission line and the associated
Compton reflection continuum are extended and can be
spatially resolved, on scales of hundreds of parsecs. The
neutral iron emission is enhanced in the central, unresolved,
region and the spectral analysis reveals a spatial variation
in the EW of the Kα line with respect to the circumnuclear
regions;
(ii) a clump of gas with an intense Fe xxv He-α emission
(3.2σ and 3.5σ higher than the two other blobs considered)
is detected, at a distance d ∼ 40 pc from the nucleus. The
dominant transition of the Fe xxv He-α triplet is the for-
bidden one, suggesting a scenario in which the gas is pho-
toionized from the primary continuum of the AGN. When
the spectrum extracted from this region is fitted using a self-
consistent photoionization code, a density ncl ≃ 10
2 cm−3
is inferred.
Our findings support a physical environment around the nu-
cleus which is not homogeneously distributed: the gas re-
sponsible for the reprocessing of the nuclear radiation is
clumpy and extended around the central region.
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